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Abstract 
A comprehensive set of experimental and analytical methods has been used to characterise the sealing and fluid -transport 
properties of fine-grained (pelitic) sedimentary rocks under the pressure and temperature conditions of geological CO 2 storage. 
The flow experiments were carried out on cylindrical sample plugs of 28.5 or 38 mm diameter and 10 – 20 mm length.  
The capillary sealing efficiency of the lithotypes was determined by repetitive gas breakthrough experiments to test for 
reproducibility and to detect petrophysical changes of the rock samples resulting from CO 2/water/rock interactions . These tests 
were performed with both, Helium an d scCO 2 on the initially water-saturated sample plugs. Although molecular diffusion is not 
considered as an efficient leakage mechanism it represents a rate-determining step in mineral reactions and reactive transport. 
Therefore repetitive CO 2 d iffusion experiments were carried out on selected samples in the water-saturated state. These 
measurements provide information on the molecular mobility of CO 2 and it s hydrolysis products and on the physical and 
chemical storage capacity of the rock for these species .  
Before and after each experiment a steady -state fluid  flow of water  was established across the samples by applying high pressure 
gradients. This procedure ensured a defined state of saturation. Permeability coefficients derived from these tests were used to 
detect changes in the transport properties resulting from exposure to CO2.  
The fluid transport experiments were complemented by petrophysical (BET specific surface area, mercury porosimetry) and 
mineralogical analyses (X-ray diffraction; XRD ) of the original and post -experiment samples.  
The experiments revealed significant changes in the transport properties and the sealing efficiency of the samples. The gas 
breakthrough tests resulted in reduced capillary entry pressures and increased effective gas p ermeability as a result of repetitive 
exposure to CO 2. Repeated diffusion tests revealed a faster diffusive transport in the second experiment. An increase in water 
permeability was consistently observed after both, capillary breakthrough tests and diffusion experiments with CO 2. 
The BET and mercury porosimetry results were not significantly  affected by the CO 2 treatment. XRD measurements before and 
after CO 2 treatment revealed significant variations in the mineral compositions of the samples upon exposure to CO 2. 
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1. Introduction 
The geological storage of CO2 from fossil-fired power plants is presently being intensely examined as an option for 
reducing anthropogenic emission of greenhouse gases. Deep saline aquifers, depleted oil and gas fields and 
unminable coal seams are the primary targets for the underground dispo sal of supercritical CO2 (IPCC, 2005). One 
major concern of all CO2 storage options is the investigation of the sealing efficiency of the low-permeable 
sequences overlying potential storage reservoirs. The long -term integrity of these seal layers (caprocks ) is one 
prerequisite to keep the CO2 in place and avoid dissipative loss towards the atmosphere. The assessment of leakage 
risks and leakage rates, under the consideration of different potential mechanisms, is therefore an important issue for 
site approval and public acceptance (e.g. Pruess 2008). 
In this contribution we report results of the experimental investigation of the seal properti es of two regional caprock 
samples from the M uenster Cretaceous Basin, NW -Germany, using a combination of i) capillary breakthrough tests 
an ii) diffusion experiments. The main purpose, besides characterising the CO2 sealing efficiency of these rocks, was  
to detect  changes in their fluid transport  properties (effective diffusion coefficient, capillary breakthrough pressure, 
absolute/effective permeability) due to interaction of CO2 with the mineral phases . These measurements were 
complemented by  inv estigations of mineral alterations using quantitative X-ray diffraction (XRD) measurements  
and studies on the CO2 sorption capacity of the rock matrix . 
2. Experimental  
Fluid flow experiments performed in this study comprised single -phase permeability measurements with water, 
gas breakthrough tests with CO2 and Helium (He) and CO 2 diffusion tests. They were conducted in triaxial flow 
cells constructed for confining pressures and axial loads of up to 50 MPa (e.g. Hildenbrand et al., 2002; Schloemer 
and Krooss, 2004 ). Measuring temperature s ranged from  21 to 45°C. Figure 1 shows the constituents of the flow cell 
and the sample arrangement. Cylindrical rock sample plugs with a diameter of 28.5 mm and a length of ~10 mm 
were used. The plugs were positioned between two porou s stainless steel disks and two stainless steel pistons 
equipped with conduits for fluid introduction and removal. A double -layered sleeve consisting of an inner lining of 
lead (Pb) foil (0.25 mm) and an outer layer of a thin-walled copper (Cu) tube was pl aced around the arrangement of 
plug and pistons. Sealing was effectuated by applying a  confining pressure of 40 MPa to the sleeve for several hours 
prior to the start of the experiment. Generally, the confining pressure was adjusted to be at least 10 MPa h igher than 
the pore fluid pressure. The efficiency of th is sealing system has been established in several studies, performing gas 
diffusion (Schloemer and Krooss, 1997) and gas breakthrough tests (Hildenbrand et al., 2002, 2004) . 
Gas breakthrough (room tem perature, up to 150h) and diffusion (45°C, up to 240h)  tests in this study were 
performed according to the procedure described by Hildenbrand et al. (2002, 2004) and Schloeme r and Krooss 
(2004) on fully water-saturated samples. To ensure complete water sat uration, a water -flow was established through 
the sample by applying high pressure gradients (3 - 8 MPa/cm) prior and between repetitive tests.  The resulting 
steady-state flow rates were used to determine the water permeability of the samples.  
The mineral phase composition of the powdered samples was analysed by XRD using a Huber 423 
diffractometer. The instrument was equipped with a graphite monochromator in the diffracted beam and run with Co 
K-alpha radiation. Powdered samples were filled into a sidefill  holder for minimizing particle orientation. 
Quantitative phase analysis was done with the Rietveld program BGMN (Ufer et al. 2004). The heterogeneity of the 
rock samples was found to account for a variation in mineral composition of up to 5 weight percent. The accuracy of 
the measurements was better than 1 %.  
Specific surface areas (SSA) were determined by low -pressure nitrogen sorption on the dry material with a 
Micromeritics GEMINI 2360 instrument using the BET method (Brunauer et al., 1938).  
Mercury in jection porosimetry (MIP) was performed using a Micromeritics Autopore II 9220 porosimeter. 
Cuttings of 5 -10 mm were dried at 105°C for 24h. For the interfacial tension of the mercury-air system a value of  γ  
= 0.485 Nm -1 was assumed (Vavra et al. 1992). Th e mercury/air/rock wetting angle (ΦHg ) was taken as 141.3°.  
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3. Samples 
In order to compare the CO 2 sealing efficiency of near -surface and deeply buried sequences of the Upper 
Cretaceous caprock sequence of the Mue nsterland Basin, two samples from different d epths were selected for this 
study. The first sample (05 -960; “marl”; 128 m depth), a grey marlstone of Upper Coniacian age represents the clay -
rich Emscher Marl formation. Quantitative X -ray diffraction analysis reveal ed a calcite content of ~40 % with some 
additional anorthite, smectite and quartz. Mercury porosity measurements yielded a porosity of 15 % and a grain 
density of 2.5 g/cm³ (bulk density ~2.1 g/cm³).  
The second sample (06 -565; “limestone” ) originates from a depth of 813 m and represents the t op sequence of 
the Cenomanian unit. The blue-coloured limestone is dominated by calcite (~90 %) with some smaller amounts of 
quartz and anhydrite. This sample ha d a porosity of 6 %, a grain density of 2.7 and a bulk density of 2.6 g/cm³.  
Hg injection poro simetry indicated for both samples very low median pore diameters of 66 and 30 nm (10 -9 m), 
respectively. The BET measurements yielded SSA values of 21.1 m²/g for the 05 -960 sample and 3.8 m²/g for the 
05-565 sample.  
4. Results 
4.1 Single- phase permeability measu rements  
Initial absolute permeability coefficients (measured with tap water at room temperature and fluid pressures of 3-6 
MPa) were 3 2-34 nD (nano -Darcy; 10-21  m²) for sample 05 -960 and 5 -7 nD for sample 06 -565, respectively. After 
three successive C O2-breakthrough tests  the permeability values  of the  first sample  (05-960) had increased from 3 2-
34 to 40 - 43 nD (Table 1). A similar trend  was observed for s ample 06 -565. Here water permeability had increase d 
from 7 to 12 nD after three successive CO2 gas breakthrough test s. 
An increase in absolute permeability values was also observed after successive CO2 diffusion experiments. Here 
the increase was more distinct with 33 to 56 nD for sample 05 -960 while an increase from 5 to 12 nD was observed 
for sample 06-565. 
 
Table 1.  Fluid flow parameters and minimum capillary breakthrough pressures obtained from gas breakthrough 
experiments 
 
“m arl” 05-960 “limestone” 06-565 
Experiment 
(in 
chronologic  
order) 
abs. 
perm  
Helium 
breakthrough 
CO2 
breakthrough 
abs. 
perm 
Helium 
breakthrough.  
CO2  
breakthrough 
 Kabs 
(nD) 
Pd 
(MPa) 
Keff(max) 
(nD) 
Pd 
(MPa) 
keff(max) 
(nD) 
Kabs 
(nD) 
Pd 
(MPa) 
keff(max) 
(nD) 
Pd 
(MPa) 
keff(max) 
(nD) 
1 34     7     
2  failed failed    1.81 0.1   
3 33     7     
4  failed failed      0.74 0.4 
5 32     10     
6    0.64 1.0    failed failed 
7 43     10     
8  0.44 4.0      0.41 0.6 
9 41     12     
10    0.49 2.6  0.62 0.8   
11 40     12     
12    0.43 2.9      
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4.2 Capillary breakthrough tests  
Residual pressure differences (P d) observed in th e final stages of the various CO2 and Helium gas breakthrough 
experiments (i.e. minimum capillary breakthrough pressure, Pd) of the rocks vary from 0.43 to 0.64 MPa for sample 
05-960 and from 0.41 to 1.81 MPa for sample 06 -565, respectively (Table 1 ).  An e xample of the pressure curves 
recorded during gas breakthrough tests is shown in Figure 1.  
 
Sample 05 -960: The first helium breakthrough experiment was performed with an initial upstream pressure of 5.1 
MPa and atmospheric pressure on the downstream side. During the experiment the upstream and downstream 
pressures converged and stabilized at a residual pressure difference of 0.44 MPa. This is in the same order of 
magnitude as the residual capillary pressure difference s (“capillary entry pressures”) for the three repetitive CO2 
breakthrough tests conducted on this sample plug (Table. 1). Generally, repetitive CO 2 breakthrough tests show ed a 
decreasing trend in capillary entry pressures from 0.64 to 0.44 MPa (Table 1) . The first CO2 test was characterised 
by a rapid decrease of the high pressure curve and lower absolute pressures in both compartments at the end of the 
experiment. However, the residual capillary pressure difference was similar to  those measured in  the other CO 2 tests 
performed on this sample.  
Sample 06 -565: The first and fourth gas breakthrough test s were performed with helium and revealed residual 
pressures of 1.81 and 0.62 MPa, respectively. The second and third gas breakthrough tests were performed with CO 2 
and a declining residual pressure fr om 0.71 to 0.41 MPa was observed. Generally, all follow-up gas breakthrough 
test cycles performed in this study revealed decreasing capillary entry pressures for both gases (Table 1)  
 
0
1
2
3
4
5
6
7
8
9
0 20 40 60 80 100 120 140 160 180 200
Time (h)
Pr
es
su
re
 (M
Pa
)
1st Helium breakthrough test 
2 nd Helium breakthrough test Pd=1.81 MPa
Pd=0.63 MPa
 
Figure 1. Helium breakthrough tests for sample 06-565 prior to and aft er CO2 exposure 
 
The total range of maximum effective permeabilities of non-wetting fluids (CO2, He) varied  between 0.1 and 4.0 
nD (10 -21m²) for helium and from 0.4 to 2.9 nD for CO2 (Table 1) . Generally, maximum gas phase permeabilities are 
much lower than the corresponding absolute permeability values (Table 1)  as stated in Hildenbrand et al. (2002). 
Repetitive CO2 measurements on both samples yielded increasing k eff(max)  values. For sample 05 -960, increasing 
values from 1.0 to 2.9 nD were obtained; whereas k eff(max) values for sampl e 05-565 increased from 0.4 to 0.8 nD. 
For the later sample an increase in helium keff(max) values measured before (0.1 nD) and after  (to 0.8 nD)  the third 
follow-up CO2 tests was observed  (Figure 1) . 
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4.3 Diffusion experiments 
Several repetitive CO 2 diffusion experiments were conducted on both samples, but useful results were only 
obtained for the clay -rich Emscher Marl sample 05 -960. For the “limestone” sample 05-565 a CO2 transport across 
the sample plug could be detected, but a reliable diffusion curve could not be recorded and evaluat ed. 
The first experiment on sample 05 -960 yielded an effective diffusion coefficient of 7.8 ⋅10-11m² and a n 
equilibrium bulk CO 2 concentration at the source side (C1-value) of 183 mmol/m³ (0.078 mmol/g). A higher 
effective diffusion coefficient of 1.2 ⋅10 -10 m² and a similar C 1-value of 198 mmol/m³ (0.084 mmol/g) were obtained 
from the second diffusion experiment on the same sample plug. The C 1-value denotes the equilibrium bulk volume 
concentrati on of CO2 that is established within the water -saturated rock sample at the interface in contact with CO2 
under the experimental pressure and temperature conditions . 
4.4 Mineralogical and petrophysical investigations  
To test for mineral alterations as a result of CO2/water/rock interactions,  X-ray diffraction measurements have 
been conducted on  both, the original rocks and the CO 2-treated samples  (i.e.  after gas breakthrough and diffusion 
test cycles). The r esults of the evaluations using the quantitative R ietveld method are shown in Figure 2 and 3 . The 
“m arl” sample 05 -960 showed a rather heterogeneous composition, consisting of 8 mineral phases, whereas sample 
05-565 consist ed predominantly of calcite (~ 90  %) with minor amounts of quartz and anhydrite (Figure 2). 
The XRD analysis of the “limestone” s ample 0 6-565 did  not indicate  any significant changes in mineral 
composition upon exposure to CO2 (Figure 3) . 
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Figure 2.  XRD measurements on sample 05 -960 
 
For the sample plug of 05-960 used in the repetitiv e CO 2 diffusion experiments, the XRD analysis revealed a 
significant change in the mineral composition. In particular a reduction of anorthite ( from 13.9 to 1.1 vol %) with a 
simultaneous increase of calcite ( from 40.1 to 56 vol %) was observed.  
The “marl ” sample plug (05-960) used in the repetitive gas breakthrough tests also showed a slight change in 
mineral composition  pointing  towards a possible reaction from anorthite to calcite. This variation did not 
significantly exceed the range of experimental error and the natural heterogeneity of the material and needs to be 
verified.  
Mercury- porosimetry and BET measurements prior to and after CO 2 treatment of the samples did not reveal  any 
significant changes in the pore geometry and surface properties  
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Figure 3: XRD measurements on sample 06-565 
 
5. Discussion/Conclusions  
Generally, both samples  investigated in this study  show very good sealing efficiencies, with permeability values 
(single- and two -phase) in the nD range and moderate  capillary threshold pressures  for the CO 2/water system . A 
continuous reduction of the minimum capillary displacement pressure during the test cycles was observed for both 
samples (Table 1 ). The CO2 capillary breakthrough pressures decrease d from the initial values by ~33 % and 46 % 
for sample 05 -960 and 06 -565, respectively. For helium tests on sample 06-565 (first and last experiment in the test 
cycle) this trend was even more distinct, showing a decrease of ~66 %.  
The reduction in capillary breakthrough pressures is associated with a significant increase in the maximun 
effective gas permeability values k eff(max) by a factor of ~3 for sample 05 -960 and a factor of 8 for sample 06-565 
(Table 1).  
Successive CO2 diffusion experiments on the “ marl” sampl e (05-960) revealed an increa se in  D eff values during 
the tests sequence from initially 7.8 ·10-11  to 1.19 ·10-10 m²/s. The C 1-values remained constant within the 
experimental error in both experiments (183 & 198 mol/m³).  
Similar results were obtained by Busch et al. (2008) who observed  a slight  increase  in effective diffusion 
coefficients of CO2 (Deff = 3.08
-11  & 4.81 -11  m2/s) in repetitive diffusion experiments on the Australi an Muderong 
Shale. This was interpreted to result from alteration s of the conducting pore system during the first CO2 experiment, 
probably related to mineral reactions. 
Absolute (water) permeability coefficients determined from single -phase experiments showed a slight but 
significant increase  after CO2 exposure (exceeding the estimated maximum experimental error of ~10%). These 
results indicate significant changes in the pore system  on the time-scale of these laboratory experiments . The 
changes in absolute permeability were more distinct  after the diffusion test cycles  than after the gas breakthrough 
experiments. This is  attributed  to the higher temperature  (45°C) and the longer duration (up to 240h ) for an 
individual diffusion test as compared to room temperature and 150h duration for a gas breakthrough test.  
The findings of this experimental study indicate systemat ic and significant changes in the fluid  transport 
properties of  both samples upon successive treatment with CO2. These chan ges are likely to be due to  min eral 
alterations and/or changes in the mineral texture due to dissolution and precipitation of mineral s (carbonates). Both 
processes may lead to changes in porosity and pore geometry.  R epetitive CO 2 treatment resulted  in a reduction of  
the capillary sealing efficiency  and, in consequence,  in an easier and faster propagation of the non-wetting fluid 
into/across caprocks. Similar observations were made by Chiquet et al. (2007) who found changes of surface 
properties of mineral phases upon exposure to CO 2. 
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XRD analyses were performed on both samples after gas breakthrough and diffusion test cycles  (Figure 2 an d 3) 
and compared to analyses of the original samples. The analyses of the “limestone” s ample 06 -565 did not indicate 
any significant mineral alteration after CO2 tr eatment (Figure 3). This sample was composed predominantly of 
calcite (~90 %), which appare ntly has a low reactivity with CO2, and contained practically no other reactive 
minerals (anorthite or clay minerals). The observed changes in transport properties could be due to a redistribution 
of calcite (dissolution, re -precipitation) within the sampl e, which would not be detected by XRD.  
The changes in mineral composition observed for the “marl” sample 05-960 after CO2 breakthrough tests are 
small and could be within the range of rock heterogeneities (Figure 2) . Significant alterations were observ ed for this 
sample after the diffusion test cycle, probably due to a longer CO2 exposure at higher temperatures. The anorthite  
cont ent had decreas ed from 13.9 % to a negligible amount, whilst the calcite content had increased from 40.4 % to 
56 % (Figure 2).  The r eaction of anorthite to calcite and quartz in the presence of CO2 has been investigated  in 
previous studies . Gaus et al. (2005) point out the poor knowledge of kinetic rate constants for feldspar reactions with 
CO2. For the reaction of anorthite accordi ng to equation 1 they estimate a completion time of 5000 years.  
 
CaAl2Si2O8 + CO2(g) + 2 H2O ⇔ CaCO3(s) + Al2Si2O5(OH)4(s)    (equ. 1) 
anorthite + carbon dioxide + water ⇔ calcite + kaolinite 
 
The results of our study indicate, however, that the decompositio n of anorthite takes place at the laboratory time 
scale (several weeks). These observations are in line with other recent experiment al work showing significant 
corrosion of feldspar (e.g. Bertier et al., 2006) and alteration of clay minerals (e.g.,  Wigand et al, 2008) within 
weeks to months.  No significant amounts of k aolinite were detected in the CO2-treated plugs  of the “marl ” sample. 
The absence of this reaction product  is difficult to explain. It might have been precipitated as a microcrystalline 
phase or undergone another unknown transformation reaction. Further investigations are required here.  
Stoichiometrically 1 mol calcite can be generated  by reaction of 1 mol anorthite with 1 mol of CO 2. This reaction  
could account for  the decrease in anorthite as  well as the increase in calcite . For the observed mineral alterations in 
this work ratio anorthite to calcite was found to be ~ 1:3, which i s not in accordance with the stoichiometry of equ 1. 
Thus, a further Ca2+-source is required to obtain the observed  mineralogical changes. One potential  source is the 
smectite acting as a cation exchanger. Although not prove n, its occupation by Ca2+ is likely, considering the overall 
constitution of the sample. The steady-state  CO2 diffusion flux through the “marl”-sam ple has been determined to be 
7.7 mol/(m²h) what guarantees a sufficient CO 2 supply during the experiment.  
Although the input of calcium can be reasonably explained, it cannot be excluded that the observed variations are, to 
a certain extent, an effect of mineralogical heterogen eities. Thus XRD analysis can so far be only regarded as a 
qualitative assessment of mineral changes due to CO2 treatment . The observed changes in the transport properties 
result from minimal changes in the pore system which cannot b e resolved by standard petrophysical methods such 
as BET and mercury porosimetry.  
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